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Ocular scarring after surgery, trauma, or infection leads to
vision loss. The transparent cornea is an excellent model system
to test anti-scarring therapies. Cholesterol-conjugated fully
modified asymmetric small interfering RNAs (siRNAs) (self-
deliverable siRNAs [sdRNAs]) are a novel modality for in vivo
gene knockdown, transfecting cells and tissues without any
additional formulations. Myofibroblasts are a main contrib-
utor to scarring and fibrosis. av integrins play a central role
in myofibroblast pathological adhesion, overcontraction, and
transforming growth factor b (TGF-b) activation. Previously,
we demonstrated that av integrins are protected from intracel-
lular degradation after wounding by upregulation of the deubi-
quitinase (DUB) ubiquitin-specific protease 10 (USP10), lead-
ing to integrin cell surface accumulation. In this study, we
tested whether knockdown of USP10 with a USP10-targeting
sdRNA (termed US09) will reduce scarring after wounding a
rabbit cornea in vivo. The wounded corneal stroma was treated
once with US09 or non-targeting control (NTC) sdRNA. At
6 weeks US09 treatment resulted in faster wound closure,
limited scarring, and suppression of fibrotic markers and im-
mune response. Specifically, fibronectin-extra domain A
(EDA), collagen III, and a-smooth muscle actin (p < 0.05),
CD45+ cell infiltration (p < 0.01), and apoptosis at 24 (p <
0.01) and 48 h (p < 0.05) were reduced post-wounding. Corneal
thickness and cell proliferation were restored to unwounded
parameters. Targeting the DUB, USP10 is a novel strategy to
reduce scarring. This study indicates that ubiquitin-mediated
pathways should be considered in the pathogenesis of fibrotic
healing.

INTRODUCTION
Regenerative wound healing in the eye has special importance
because unlike other tissues, scarring leads to vision loss. Clinically,
the global burden of ocular scarring is significant. Corneal scarring re-
sults from mechanical injury, burn, infection, or surgery.1 Other ex-
amples of ocular scarring include glaucoma filtration surgery (the
bleb to relieve intraocular pressure can heal fibrotically)2 and other
ocular morbidity such as proliferative vitreoretinopathy (PVR) and
retinal detachment.3,4 Mitomycin C (MMC) to improve healing
and avert scarring is a standard of care for some of these indications,
but there is a high failure rate with the filtration surgery and cell
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toxicity concerns in corneal surgeries.2,5–8 Although there are several
other therapeutic modalities being tested for the cornea, including
viral delivery of genes, growth factors, and stem cells derived from
various sources,1,9–15 currently transplant of non-autologous corneal
tissue is the only option available. Furthermore, there is a global
shortage of tissue and limited access to this procedure for most of
the world.16

As a model system, the cornea is particularly interesting for wound
healing studies because it is transparent, non-transplantable human
tissue is readily available, and eyes are easily accessible for micro-
scopic analysis in vivo. The human cornea consists of five main layers,
i.e., epithelium, Bowman’s membrane, stroma, Descemet’s mem-
brane, and endothelium.17,18 Bowman’s membrane is beneath the
epithelium that separates the epithelium from the stroma and is key
to the healing response.19,20 When Bowman’s membrane is breached,
growth factors such as transforming growth factor b (TGF-b) from
the epithelium and tears reach the stroma, inducing a reaction that
leads to pathological myofibroblast formation. Similarly, an intact
Descemet’s membrane prevents posterior fibrosis.21 Although myofi-
broblasts are integral to the healing response, timed myofibroblast
apoptosis or reduced development of myofibroblasts is necessary
for regenerative healing.22 The persistence of myofibroblasts in a heal-
ing wound leads to scarring.23 Chronic fibrotic conditions in dermal,
lung, liver, and kidney tissue are also characterized by myofibroblast
persistence.24–27 Thus, targeting myofibroblasts is a goal of fibrotic
therapies, and the transparent cornea is an interesting and accessible
model system for testing even non-ocular anti-fibrotic therapies.20

Our previous work on scarring has focused on the contribution of av
integrins to myofibroblast development and persistence.28,29 Integ-
rins are heterodimeric transmembrane proteins that bind to the extra-
cellular matrix (ECM) and intracellularly to the actin cytoskeleton,
regulating cell adhesion, cell motility, and apoptosis. An increase in
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cell-surface expression of av-containing integrins (avb1, avb3, avb5,
avb6, and avb8) throughout many organs promotes fibrosis,30–32

whereas genetic silencing of av, and a blocking av peptide, prevents
fibrosis in mice,33,34 demonstrating that lowering av integrin levels
and activity is therapeutically important. After wounding, integrins
accumulate on the cell surface of myofibroblasts, increasing cell adhe-
sion and cellular tension that promotes the expression and organiza-
tion of a-smooth muscle actin (a-SMA) stress fibers that characterize
myofibroblasts. Integrin engagement with the ECM also activates ma-
trix-associated endogenous TGF-b by binding to the RGD domain in
its latency-associated peptide (LAP)30,35 and releasing TGF-b.36,37

This active TGF-b creates an autocrine loop of TGF-b activity that re-
sults in pathological cell adhesion and secretion of fibrotic ECM such
as collagen III (Col III), cellular fibronectin-extra domain A (FN-
EDA), and vitronectin.38

We have investigated the role of av integrin ubiquitination in gener-
ating increased cell-surface expression on myofibroblasts during
stromal healing. Integrins are ubiquitinated on the intracellular C
terminus targeting them for degradation.39 The biological effects
of post-translational modifications of integrins is a burgeoning field
of study. Previously, we performed RNA sequencing (RNA-seq) on
pathological human primary myofibroblasts, leading to the discov-
ery of a novel mechanism for post-wounding integrin accumulation.
The protection of integrins from intracellular proteolysis shifts the
balance of normal integrin homeostasis to integrin accumulation.28

Specifically, wounding increases the expression of the deubiquiti-
nase (DUB) USP10 (ubiquitin-specific protease 10). Mechanistically,
we found that in primary human corneal myofibroblasts, USP10 re-
moves ubiquitin from b1 and b5 (the av subunit is not ubiquiti-
nated),39,40 resulting in their accumulation on the cell surface and
activating TGF-b.28 Together, the augmented integrin and TGF-b
activity induces myofibroblast differentiation and FN-EDA expres-
sion and organization, making USP10 a novel driver of scarring.
Knockdown of USP10 with small interfering RNA (siRNA) post-
translationally reduced integrin expression and prevented fibrotic
marker development in an ex vivo pig corneal organ culture wound-
ing model.28,41

USP10 is also a DUB for p53.42 Much of the USP10-focused research
has been centered on its role in cancer and the regulation of p53. Our
data demonstrate that knockdown of USP10 after wounding in
healthy tissue significantly reduces apoptosis and subsequent im-
mune cell infiltration. Taken together, these data suggest that
USP10 is a central regulator of integrin and apoptotic functions.

Given the accessibility of the eye, treatment of ocular disease with
siRNAs is an important new modality.43,44 To understand the
different functions of USP10 in wound healing, we have performed
an in vivo knockdown using self-deliverable RNAi technology
(sdRNAi). This approach is based on the use of fully modified asym-
metric siRNA conjugated to cholesterol. These cholesterol-siRNA
conjugates do not require any formulation (i.e., lipids or nanopar-
ticles) for delivery to cells and can transfect all cell types in vitro
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and in vivo.45 The in vivo use of the self-deliverable cholesterol con-
jugates is especially efficient in combination with a local delivery,46,47

as we demonstrate in the cornea. The use of the first generation of
partially modified siRNA-cholesterol conjugates demonstrated effi-
cient and prolonged knockdown efficacy in the eye.47 Since full back-
bone modification of self-deliverable siRNAs (sdRNAs) significantly
enhances their in vivo activity,48 we created a fully modified sdRNA
targeting rabbit USP10. These sdRNAs are resistant to nucleases,
can be delivered to target tissues by a selection of the appropriate
ligand, and demonstrate in vivo efficacy for months after a single
treatment.45,48 Herein, we demonstrate that a one-time dosing of
sdRNA targeting USP10 in rabbits was sufficient to significantly
reduce scarring after wounding at 6 weeks.

RESULTS
Identifying USP10 Targeting siRNA for In Vivo Rabbit Studies

Since the public RefSeq database contained only computationally-
predicted rabbit USP10 sequences, we sequenced the USP10 in rabbit
cornea. The resulting common “consensus” sequence for rabbit
USP10 was used for the sdRNA design (see Materials and Methods;
GenBank: MN927131). The USP10 targeting siRNA compound was
selected from 10 lead candidates identified by an in silico prediction
algorithm.49 sdRNAs were produced and screened for knockdown
of rabbit USP10 by qPCR. Of the 10, the sdRNA compound named
US09 demonstrated the most effective knockdown in primary rabbit
corneal fibroblasts (Figure 1A). Dose-response curves up to 2 mM for
the best two compounds, US02 and US09, are presented in Figure S1.
Figure 1B demonstrates the efficacy of cholesterol-modified non-tar-
geting sdRNA (MAP4K4 sdRNA-Cy3) for entry into rabbit corneal
fibroblasts in contrast to non-modified, non-targeting siRNA
(MAP4K4 siRNA-Cy3). The general structure of sdRNA is depicted
in Figure 1C. For these in vivo studies we have used US09 additionally
modified with vinyl-phosphonate to increase the longevity of the
effect.50

Depicted in Figure 1D is the wounding strategy. To wound the
cornea, a 6-mm trephine is placed in the central rabbit cornea. A sub-
tle twisting back and forth of the trephine demarcates a circular
boundary and cuts through the anterior one-third of the cornea
into the stroma.41 The demarcated tissue is removed and the bare
stroma is treated with 1 nmol US09 or non-targeting control
(NTC) sdRNA.

Biomicroscopy slit lamp was performed on days 1, 2, 3, and 7 after
wounding. US09 (Wnd-US09) promoted wound closure faster than
NTC (Wnd-NTC). By day 2 there was an increase in wound closure
with US09 treatment (p < 0.01) that was significant at each day tested
(p < 0.05). By day 7 the US09-treated corneas were qualitatively clear
compared to NTC treatment (Figures 1E and 1F).

To test the ability of the sdRNA to penetrate the wounded cornea, af-
ter nucleation of unwounded eyes from rabbits, the globes were
wounded with a trephine as described above and corneas were excised
and mounted on a collagen base. One nmol of non-targeting sdRNA



Figure 1. USP10 sdRNA Screening and In Vivo Corneal Wounding

(A) Primary rabbit corneal fibroblasts were treated with 1 mM of each sdRNA for 72 h, and USP10 expression was analyzed by qPCR. Rabbit GAPDH served as a reference

gene. Knockdown efficiency was expressed as the percentage of non-targeting control (NTC). (B) Delivery of non-targeting Cy3-labeled sdRNA (MAP4K4-Cy3, 0.25 mM) into

primary rabbit corneal fibroblasts, demonstrating efficient cellular uptake. Control cells were treated with the same dose of non-targeting Cy3-labeled siRNA (without

cholesterol modification). Scale bars, 400 mm. (C) sdRNAs are asymmetric siRNAs, consisting of a 20-nt antisense strand and a 15-nt sense strand, in which all nucleotides

are either 20-fluoro (20-F) or 20-OMe modified. The 30 terminal backbone is phosphorothioated (six linkages in antisense and two in sense). The 30 end of the sense strand is

conjugated to cholesterol. (D) Corneal wounding strategy. The human cornea is composed of five main layers, i.e., epithelium, Bowman’s membrane, stroma, Descemet’s

membrane, and endothelium. Using a cylindrical blade called a trephine, a wound is made through one-third of the anterior portion of the cornea. The tissue within the

trephine cut is excised with a blade and forceps. The bare stroma is treated with sdRNA. (E) Wound closure assessed by slit lamp. Wounded eyes treated with NTC (Wnd-

NTC) or US09 (Wnd-US09) were treated with fluorescein drops and imaged by slit lamp on days 1, 2, 3, and 7 post-wounding. Images were analyzed for wound closure and

rated from 0 to 3 (healed, no fluorescein to least healed, greatest fluorescein). (F) Wound closure was faster in Wnd-US09 compared toWnd-NTC on days 2 (p < 0.01), 3 (p <

0.05), and 7 (p < 0.05). N = 6 rabbits per condition.
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(MAP4K4 sdRNA-Cy3) was pipetted into the wounded stroma. Im-
ages were taken immediately at “time zero” on a dissecting scope,
maintaining the sterility of the corneas. Corneas were imaged by
live cell confocal microscopy at 2, 24, 48, and 72 h and at 168 h
(7 days). The Cy3-sdRNA penetrated the bare stroma to 324 mm by
24 h. Total depth of the rabbit cornea is approximately 407 mm.51

By 48 h the depth of the dye retreated to an average of 242 mm and
remained at that depth until the final assay point of 7 days (Figure S2).
Future studies will analyze sdRNA delivery to other parts of the eye
in vivo over time and any potential systemic effects.
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 1031
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Figure 2. Quantitative Analysis after Wounding by OCT

At 6 weeks after wounding, rabbits were imaged by OCT after sedation and prior to sacrifice. 6 � 6-mm images were captured. (A) Representation of how images were

partitioned into 100 optical slices in MATLAB. (B) The variance in each of 100 sections was quantified and averaged for all six animals (black, Wnd-NTC; gray, Wnd-US09;

dotted line, UnWnd). (C) OCT images for each condition. Arrow denotes scar. Scale bar, 1 mm. (D) Variance: unwounded was subtracted from both Wnd-NTC and Wnd-

US09). (E) All points in both conditions were averaged to create the mean variance (total of 10,000 points per rabbit, six rabbits per condition). US09 promotes a 41.5%

reduction in scarring (p < 0.05).
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Quantitative Analysis of Corneal Scarring by Optical Coherence

Tomography

After 6 weeks, to quantify scarring, optical coherence tomography
(OCT) images were analyzed for the variance of pixel intensities in
the 6-mm wounded section of the cornea. Aberrations in the cornea
(i.e., scarring) increase non-uniformity of pixel intensities in localized
areas. To quantify this non-uniformity, we segmented the cornea in
each image file into 100 equal parts (Figure 2A). For each segment
the statistical variance (i.e., SD2) of pixel intensities was calculated
(Figure 2B). OCT images of the unwounded group (UnWnd),
Wnd-NTC, and Wnd-US09 eyes are shown in Figure 2C. Next,
UnWnd variance was subtracted from Wnd-NTC and Wnd-US09
to yield a clearer model of variance between the two treatments (Fig-
ure 2D). Finally, all points were reduced to the mean variance, which
demonstrated a 41.5% decrease in scarring in Wnd-US09 corneas
compared to Wnd-NTC (Figure 2E).

Immunohistochemistry for Fibrotic Markers

After OCT analysis, rabbits were sacrificed and eyes were enucleated.
The cornea was excised from the globe and cut in half through the
wound. To assess the protein expression of classic fibrotic markers,
frozen sections were immunostained for collagen III, FN-EDA (also
termed cellular FN), and a-SMA, all key markers of scarring.52,53

For collagen III, compared to UnWnd, Wnd-NTC demonstrated a
276.2-fold increase in collagen III immunostaining (p < 0.01), which
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was reduced by 71.7% (p < 0.05) with Wnd-US09. The comparison
between UnWnd and Wnd-US09 was not significant (Figures 3A
and 3D). The increase in USP10 gene expression after wounding as
assayed by qPCR was blunted by US09 (58.8%, p < 0.01 at days 1
and 2, and 91.2%, p < 0.05, at 6 weeks). The expression of USP10
does not decrease below unwounded levels even with US09 treatment
after wounding. However, US09 significantly prevents upregulation
of USP10 gene expression after wounding.

Similar to collagen III, Compared to unWnd, Wnd-NTC demon-
strated a 8.33-fold increase in FN-EDA immunostaining (p <
0.001). Compared to Wnd-NTC, FN-EDA immunostaining was
reduced by 53.8% (p < 0.05) in Wnd-US09. The comparison between
UnWnd and Wnd-US09 was not significant (Figures 4A–4D).
Finally, compared to UnWnd, Wnd-NTC demonstrated a 5.77-fold
increase in a-SMA immunostaining (p < 0.05), which was reduced
by 83.6% (p < 0.05) in Wnd-US09. The comparison between UnWnd
and Wnd-US09 was also not significant (Figures 5A–5D). Next, we
counted cell proliferation into the wound and corneal thickness
(see Materials and Methods). These data demonstrate that cell prolif-
eration into the wound in Wnd-US09 corneas is similar to UnWnd
tissue, whereas Wnd-NTC is significantly increased Figure 5E (p <
0.01). Cell proliferation below the wound in the stroma down to
the endothelial layer was invariant between conditions (Figure 5F).
Corneal thickness over the entire cornea in Wnd-US09 treated



Figure 3. Immunohistochemical Analysis of

Collagen III after Wounding

(A–C) Frozen sections of corneas 6 weeks after wounding

were immunostained for collagen III (green), DAPI (blue).

(A) UnWnd, (B) Wnd-NTC with magnified inset, and (C)

Wnd-US09 with magnified inset. Scale bar, 0.5 mm. (D)

Compared to UnWnd, Wnd-NTC demonstrated a 276.2-

fold increase in collagen III immunostaining (p < 0.01),

which was reduced by 71.7% (p < 0.05) with US09

treatment. The comparison between UnWnd and Wnd-

US09 was not significant. (E) By qPCR, days 1 and 2

combined, compared to UnWnd, Wnd-NTC demon-

strated a 4.26-fold increase in USP10 gene expression

(p < 0.001). Compared to Wnd-NTC, USP10 expression

with Wnd-US09 treatment was reduced by 56.8% (p <

0.01). N = 4 rabbits per condition. At 6 weeks, compared

to UnWnd, Wnd-NTC demonstrated a 35.7-fold increase

in USP10 gene expression (p < 0.05). Compared to Wnd-

NTC, USP10 expression with Wnd-US09 treatment was

reduced by 91.2% (p < 0.05). N = 6 rabbits per condition.
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corneas was not significantly different fromUnWnd parameters (Fig-
ure 5G). Wnd-NTC compared to UnWnd was also not significant but
trended toward being thinner (p = 0.05). Taken together, these data
demonstrate that a one-time treatment of sdRNA targeting USP10 af-
ter wounding significantly reduces scarring at 6 weeks.

Immune Marker CD45

To begin to study the infiltration of immune cells into the wound, we
repeated the wounding experiment to analyze CD45+ staining and
collected tissue at days 1, 2, and 3 to compare to 6 weeks. As shown
in Figures 6A–6I), by 1 day after wounding, CD45+ immune cells popu-
late the wound in bothWnd-NTC andWnd-US09 conditions. Howev-
er, overall, by day 3 there is a clear difference between Wnd-NTC and
Wnd-US09; that is, in theWnd-NTC tissue, there aremore CD45+ cells
and, importantly, they are distributed throughout the stroma in and
below the wound, whereas in the Wnd-US09 tissue, they are localized
to the anterior stroma only (arrows). (At this early time point, the
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 1033
,

,

epithelium often falls off during immunostaining
of wounded tissue, as the tissue is not fixed and
the wound margin is still fragile.) At 6 weeks,
the same distribution is observed (Figures 6J–
6L, with magnified panels). Figure 6M shows
the quantification of CD45+ cells in the three
conditions during the first 3 days, at 6 weeks,
and with the data grouped. At days 1–3,
compared to UnWnd, Wnd-NTC demonstrated
a 7.1-fold increase in CD45+ immunostaining.
Comparing Wnd-NTC to Wnd-US09, CD45+

staining was reduced by 46.2% (p < 0.05). At
6 weeks, compared to UnWnd, Wnd-NTC
demonstrated a 3.4-fold increase in CD45+ im-
munostaining. Comparing Wnd-NTC to Wnd-
US09, CD45+ staining was reduced by 55.2%
(trending toward significant, p = 0.06). For the grouped data, compared
to UnWnd, Wnd-NTC demonstrated a 4.66-fold increase in CD45+

immunostaining (p = 0.001), and comparing Wnd-NTC to Wnd-
NTCCD45+ stainingwas reduced by 51.0% (p < 0.01). The comparison
between UnWnd and Wnd-US09 was not significant. In summary
US09 reduces CD45+ cell infiltration after wounding.

Apoptosis after Wounding

After wounding in the cornea, local cells in the stroma in and beneath
the wound apoptose.54,55 In response to wounding and apoptosis
neutrophils and macrophages (CD45+ cells) infiltrate the wound as
shown in Figure 6. We found that US09 treatment significantly pre-
vented apoptosis after wounding, when comparing Wnd-NTC to
Wnd-US09 (65.0% reduction on day 1, p < 0.01; 65.0% reduction
on day 2, p < 0.05) (Figure 7). This may be a key to the anti-scarring
activity of US09. Less apoptosis will attract less leukocyte infiltration
with diminished scarring.

http://www.moleculartherapy.org


Figure 4. Immunohistochemical Analysis of FN-EDA

after Wounding

(A–C) Frozen sections of corneas 6 weeks after wounding

were immunostained for fibronectin-EDA (FN-EDA,

green), DAPI (blue). (A) UnWnd, (B) Wnd-NTC with

magnified inset, and (C) Wnd-US09 with magnified inset.

Scale bar, 0.5 mm. (D) Compared to UnWnd, Wnd-NTC

demonstrated a 8.33-fold increase in FN-EDA immuno-

staining (p < 0.001). Compared to Wnd-NTC, FN-EDA

immunostaining after Wnd-US09 treatment was reduced

by 53.8% (p < 0.05). The comparison between UnWnd

and Wnd-US09 was not significant. N = 6 rabbits per

condition.
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DISCUSSION
In this study, we demonstrate that one application of self-deliverable
siRNA targeting the DUB USP10 (US09) is a novel method to signif-
icantly reduce scarring in the cornea. This was shown by faster wound
closure (Figure 1), a decrease in the variance of pixels in OCT images
(Figure 2), a reduction in fibrotic markers to a level that was not
significantly different from unwounded tissue (Figures 3, 4, and 5),
a reduction in CD45+ cells (Figure 6), and a reduction in the apoptotic
response to wounding (Figure 7). Based on our data and the known
functions of USP10, we hypothesize that USP10 plays a central role
in wound healing by regulating apoptosis in a context-dependent
manner, i.e., pro-apoptosis directly after wounding, and anti-
apoptosis (pathological myofibroblast development) later in wound
healing.

We identified the role of USP10 in myofibroblasts through the utili-
zation of a unique cellular wounding model. The extracellular prote-
ase system, urokinase-type plasminogen activator (uPA)/uPA recep-
tor (uPAR), generates plasminogen and plasmin on the cell surface.
The receptor, uPAR, is glycosylphosphatidylinositol (GPI) linked,
and it coordinates with the cytoskeleton intracellularly through bind-
ing to integrins. Whereas addition of uPA to the cell induces cell
motility, and high levels of uPA/uPAR/integrin binding promotes
cancer cell invasion,56 we found that uPA or uPAR knockdown in pri-
mary human corneal fibroblasts induced an adhesive, myofibroblast
phenotype with dramatically increased cell surface expression of
avb5 and highly organized a-SMA.29 Further investigation proved
that it was not gene expression changes that increased integrin
avb5, but instead a post-translational decrease in ubiquitination of in-
tegrin b5.

28 Thus, we leveraged this finding and performed RNA-seq
1034 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
on uPA siRNA-treated cells to find novel targets
for the generation of a pathological myofibro-
blast phenotype without the addition of TGF-
b. In support of this strategy, uPAR knockout
mice develop dermal scarring and lung and
myocardial fibrosis.57–59 From the RNA-seq
data we found that the DUB USP10 was impor-
tant for myofibroblast development as it deubi-
quitinates b1 and b5 integrins, specifically, avb5
and b1 but not avb3, leading to an accumulation
of cell surface integrin and subsequent activation of local TGF-b.28,29

Furthermore, after wounding in an ex vivo corneal wounding model,
USP10 is significantly upregulated in the stroma, and USP10 siRNA
reduces or eliminates fibrotic markers.28

As stated in the Introduction, USP10 is also a DUB for p53 and thus
plays a role in regulating apoptosis. Our new working model (Figure 8)
that integrates both our published work on integrins and our current
in vivo data on apoptosis and immune cell infiltration is that directly
after wounding, as stimulated byUSP10 upregulation,28USP10/p53 ac-
tivity in the nucleus is dominant, leading to less p53 ubiquitination and
stabilizing pro-apoptotic p53.42 Local cell apoptosis induces mast cell
activation and the infiltration of neutrophils and macrophages into
the wound.60–62 Activated keratocytes peripheral to the apoptotic
zone proliferate to repopulate the wound margin. These cells and infil-
trating bone marrow-derived fibrocytes63 differentiate into myofibro-
blasts in the next few days. In this second phase we propose that
USP10 favors binding to cytosolic proteins such as G3BP1/2 and integ-
rins directing USP10 away from nuclear p53. USP10 binding to G3PB2
in the cytosol induces p53 cytoplasmic localization, ubiquitination, and
degradation.64 The connection between G3BP1/2 and USP10-medi-
ated integrin deubiquitination is unknown; however, G3BP1/2 down-
regulation inhibits Scr/FAK/ERK signaling, suggesting a USP10/integ-
rin/G3BP complex and coordination between these proteins.65

Germane to this model is a recent study in which USP10/TRAF4 bind-
ing induced p53 ubiquitination and cytosolic degradation (similar to
the USP10/G3BP interaction), leading to a fibroproliferative response
and keloid formation.66 Thus, we suggest that the switching of
USP10 functions from pro-apoptotic to anti-apoptotic is context-
dependent and depends on 3D environmental cues in the wound bed.



Figure 5. Immunohistochemical Analysis of a-SMA,

Cell Proliferation, and Thickness after Wounding

(A–C) Frozen sections of corneas 6 weeks after wounding

were immunostained for a-SMA (green), DAPI (blue). (A)

UnWnd, (B) Wnd-NTC with magnified inset, and (C) Wnd-

US09 with magnified inset. Scale bar, 0.5 mm. (D)

Compared to UnWnd, Wnd-NTC demonstrated a 5.77-

fold increase in a-SMA immunostaining (p < 0.05).

Compared to Wnd-NTC, a-SMA immunostaining after

Wnd-US09 treatment was reduced by 83.6% (p < 0.05).

The comparison between UnWnd and Wnd-US09 was

not significant. (E and F) Cell proliferation was analyzed by

the object counter plugin in ImageJ software. “Inside the

wound” is denoted by the anterior cornea demarcated by

the collagen III scar. “Outside the wound” is the posterior

cornea beneath the scar. These counts were normalized

by the total area of each portion to generate a nuclei

density measurement. (E) Compared to UnWnd, Wnd-

NTC demonstrated a 1.61-fold increase in cell prolifera-

tion (p < 0.01). Compared to Wnd-NTC, cell proliferation

after Wnd-US09 treatment was reduced by 29.9% (p <

0.05). The comparison between UnWnd and Wnd-US09

was not significant. (F) Cell proliferation below the scar, in

the stroma down to the endothelium. All relationships

were not significant. (G) Corneal thickness was measured

at pixel resolution in these thresholded images as the

distance across the nonzero region, and thickness is

averaged across the entire cornea. Wnd-NTC trended

toward a slight decrease in thickness (p = 0.05). Wnd-

US09 treatment restored corneal thickness to non-

wounded parameters. N = 6 rabbits per condition.
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We found that directly after wounding, local apoptosis is mediated by
USP10, as US09 significantly diminished TUNEL (terminal deoxynu-
cleotidyltransferase [TdT]-mediated deoxyuridine triphosphate nick
end labeling)+ cells. We hypothesize that reduced apoptosis led to
less CD45+ cell infiltration. Studies in the cornea show that blocking
neutrophil invasion is the mechanism by which stem cell treatment in
the cornea reduces scarring.67 Also, less inflammatory cells reduce
myofibroblast differentiation because inflammatory cells secrete
growth factors, such as TGF-b.68,69 In addition, US09 may remain
long enough in the ECM to prevent USP10/integrin activity in prolif-
erating fibroblasts, reducing a-SMA organization and pathological
cell adhesion. Together, these USP10-mediated functions (apoptosis
and integrin stabilization) appear to be a central organizer of scarring.

In general, there is little known about the regulation of myofibroblasts
and cell surface integrin expression through DUB activity and the re-
sulting link to disease. For the connection between DUBs and myofi-
broblasts, stellate cell activation induces the DUB UCHL1, and
knockdown of UCHL1 blocks progression of CCl4-induced fibrosis
in mice.70 Furthermore, pan-inhibition of DUBs with the DUB inhib-
itor PR-619 ameliorates renal fibrosis through the SMAD-4
pathway.71 In terms of DUBs and integrins, the DUB ataxin-3 regu-
lation of integrin a5 is a critical component of the neurological disor-
der Machado-Joseph disease.72,73 More widely, DUB biology, as well
as a focus on DUBs as drug targets, represents an expanding field of
study. DUBs are being targeted for both cancer and neurodegenera-
tive diseases.74,75 For USP10 specifically, a recent discovery using a
protein engineering strategy for the rational design of DUB inhibitors
found a sequence that when expressed as a cDNA directly targets
USP10’s DUB activity.76 Future studies in our laboratory will dissect
the different functions of USP10’s structural domain and DUB activ-
ity and their relative contributions to scarring.

Because of the accessibility of the eye, RNAi therapy has made signif-
icant progress in clinical outcomes for eye diseases and, in general,
gene knockdown with eye drops or by injection rivals the success of
antibody therapies that have the challenge of being quickly diluted
by tears, especially for anterior surface indications. Several new
RNAi therapies target disease pathways for ocular indications such
as caspase-2 for anterior ischemic optic neuropathy, hypoxia for neo-
vascular age-related macular degeneration and diabetic retinopathy,
b2-adrenergic activity for glaucoma, and TRPV1 for dry eye, to
name of few.77 As may be expected, dosing the eye does not induce
significant systemic effects.44,78–81 Many RNAi-based therapies are
in various stages of clinical trials for multiple indications, with the
use of modified siRNA conjugates becoming a dominant therapeutic
modality.82 Other RNAi-based therapies for hepatitis C and various
cancers are also in clinical trials.77 Specific to scarring therapies for
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Figure 6. CD45+ Cell Infiltration after Wounding

(A–L) Frozen sections of corneas at days 1, 2, and 3 and

6 weeks after wounding were immunostained for CD45+

(red), DAPI (blue). (A–C) day 1, (D–F) day 2, (G–I) day 3

(scale bar, 200 mm), and (J–L) 6 weeks with magnified

inset (scale bar, 0.5 mm). (A, D, G, and J) unwounded; (B,

E, H, and K) wounded-NTC; and (C, F, I, and L) wounded-

US09. (M) At days 1–3, compared to UnWnd, Wnd-NTC

demonstrated a 7.1-fold increase in CD45+ immuno-

staining. For Wnd-NTC compared to Wnd-NTC, CD45+

staining was reduced by 46.2% (p < 0.05). At 6 weeks,

compared to UnWnd, Wnd-NTC demonstrated a 3.4-fold

increase in CD45+ immunostaining. Comparing Wnd-

NTC to Wnd-US09, CD45+ staining was reduced by

55.2% (p = 0.06). For the grouped data, compared to

UnWnd, Wnd-NTC demonstrated a 4.66-fold increase in

CD45+ immunostaining (p = 0.001); comparing Wnd-

NTC to Wnd-NTC, CD45+ staining was reduced by

51.0% (p < 0.01). The comparison between UnWnd and

Wnd-US09 was not significant. US09 reduces CD45+ cell

infiltration. N = 3 rabbits per condition for days 1–3. N = 5

rabbits per condition for the 6-week time point. N = 8

rabbits per condition for grouped data.
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the eye is a study in rabbits for the knockdown of theMTRF (myocar-
din-related transcription factor) gene that is a master regulator of
actin genes. RNAi to MRTF reduced scarring in the fibrotic “bleb”
made during the glaucoma filtration surgery to relieve pressure in
the eye.83,84 Several other gene knockdown strategies for ocular scar-
ring are also being tested in animals.1,9–11,14

In this study, we used the fully modified siRNA conjugate to achieve
maximal activity and longevity of the effect in vivo.48 Regarding the
possibility of off-target effects, the asymmetric (20/15) chemically
modified siRNA used in this study was designed to avoid any sequence
identity with other rabbit genes within the 2–18 region of the anti-sense
1036 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
strand. The closest rabbit sequence identified in
the rabbit transcriptome has four mismatches
in the siRNA seed region, which completely ex-
cludes the possibility of a sequence-specific off-
target effect caused by an anti-sense strand of
siRNA (Figure S3). Furthermore, since the
sdRNA is delivered to cells in the asymmetric
duplex form, the anti-sense strand itself cannot
have any off-target effects, as it does not effi-
ciently enter the RNA-induced silencing com-
plex (RISC). The possible off-target effects
caused by a sense strand are excluded by (1) its
length (15, too short for RISC) and (2) having
20-O-methylation (20-OMe) modifications in po-
sitions 2 and 14, which inhibit RNAi activity.

US09 does not achieve complete gene knock-
down in vitro (Figures 1A and S1). Incomplete
knockdown can be explained by a variety of rea-
sons, including the presence of mRNA isoforms
detectable by the qPCR probes that are not affected by the sdRNA, or
by the nuclear localization of mRNA.85 However, it is not always ad-
vantageous to have complete knockdown. We have consistently
observed that small changes in USP10 expression relate to large
phenotypic changes in cells.28 In addition, our goal in this study
was achieved by preventing the upregulation of USP10 after wound-
ing, instead of knocking downUSP10 below control levels observed in
unwounded tissue (Figure 3E). Dosing US09 twice, directly after
wounding and at 6, 12, or 24 h after wounding, may totally prevent
apoptosis and myofibroblast differentiation by targeting a wave of
infiltrating cells that are not initially present. Another option is a
slower delivery mechanism by absorbing US09 to a substrate and



Figure 7. Apoptosis after Wounding

(A–I) Apoptotic cells were detected with TUNEL assay on days 1 (A–C), 2 (D–F), and

3 (G–I) in unwounded conditions and after wounding. (A, D, and G) UnWnd; (B, E,

and F) Wnd-NTC; and (C, F, and I) Wnd-US09. (J) On day 1, US09 treatment

reduced apoptosis 65.0% from 43.0 ± 9.7 to 15.0 ± 5.7 cells per section in the

wound (p < 0.01). On day 2, US09 treatment also reduced apoptosis 65.0% from

35.3 ± 6.4 to 12.5 ± 4.6 cells per section in the wound (p < 0.05). Apoptosis was not

significant between conditions by day 3. Scale bar, 100 mm. N = 4 rabbits per

condition per time point.
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covering the eye for a 24-h period. Finally, the activity of US09 can be
further enhanced by backbone modification optimization. Future
studies with longer time points (3 and 6 months) will determine
how the scars resolve in each condition. In summary, we have demon-
strated a novel anti-scarring method through the knockdown of
USP10. We predict that this strategy can be more broadly applied
to prevent scarring in other, non-ocular tissues.

MATERIALS AND METHODS
Sequencing of Rabbit Corneal USP10

Rabbit corneas were obtained from Pel-Freez Biologicals (Rogers, AR,
USA). Rabbit primary corneal keratocytes were derived from the
corneal stroma as previously described.86 Total RNA was isolated
with TRIzol reagent (Invitrogen) or using a PureLink RNA mini kit
(Invitrogen). RNA was sent to ACGT (Wheeling, IL, USA). The
RNA samples were evaluated by Qubit fluorometry and an Agilent
2100 Bioanalyzer. First-strand cDNA was constructed using the
Mint-2 cDNA synthesis kit. The cDNA samples were evaluated by
fluorometry and agarose gel electrophoresis. PCR was performed
on first-strand cDNA, using PrimeSTAR GXL DNA polymerase
and primers designed specifically for this study. All PCR products
were evaluated by fluorometry and agarose gel electrophoresis. The
“rabbit” PCR products were purified using Agencourt AMPure XP
beads and evaluated by fluorometry. Purified PCR products were
fragmented by ultrasonication to an average 250-bp target fragment
size. Uniquely barcoded sequencing libraries were constructed from
fragmented DNA, using the NEXTflex Rapid DNA sequencing kit
as per the manufacturer’s instructions. Appropriate quality control
analysis was performed at every step. Final libraries were assessed
by Qubit fluorometry and an Agilent 2100 Bioanalyzer. Final libraries
were combined with compatible libraries from other projects, and
loaded onto a HiSeq 300 cycle flow cell to generate 150PE
reads. Enough sequence was generated to provide at least 0.5
million reads per sample, with Q30 quality (average per
read) sequence data. The raw Illumina reads were de-multiplexed
and converted into fastq format. Low-quality (Q < 30) and short reads
(N < 50) were filtered out. The trimmed and filtered reads were
de novo assembled to generate contigs. The contigs were analyzed
and identified using BLAST, and a final assembly was constructed
(GenBank: MN927131). The trimmed and filtered reads were
aligned to the reference sequence of the predicted USP10 gene based
on the results of the BLAST analysis, and a variant report was
generated.

The resulting de novo sequence for rabbit corneal USP10 was
aligned with predicted RefSeq variants XM_002723256.1 and
XM_002723256.2. The common region with 99% identity covering
partial 30 UTR and most of the coding sequence, with the exception
of three initial exons, was extracted as a consensus sequence for
sdRNA design. The regions containing a few nucleotide mismatches
with the database variants were avoided.

sdRNAs

sdRNAs are the fully chemically modified asymmetric siRNA-choles-
terol conjugates.

For the identification of the active sdRNAs against rabbit USP10 gene
10 lead candidates were predicted by the published algorithm.49 The
designed sequences are listed in Figure S4. For the primary screening,
sdRNAs were synthesized as separate guide and passenger strands
(TriLink Biotechnologies, San Diego, CA, USA) and dissolved in ster-
ile RNase-free, DNase-free water for injection (CalBiochem, 4.86505)
at 200 mM. Duplexes were annealed by mixing equal volumes of the
strand solutions, followed by heating to 95�C for 5 min and allowing
to cool gradually to room temperature. The quality of duplex forma-
tion was tested by using native gel electrophoresis (Figure S5). The
sdRNA solutions were stored at�80�C. Prior to use, the sdRNA stock
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Figure 8. Working Model for Divergent Roles of USP10 as Wound Healing/Scarring Progresses

Left panel: immediately following a corneal stromal injury, resident keratocytes adjacent to the wound undergo apoptosis. USP10, which is upregulated in the wound,28 plays

a role in apoptosis by deubiquitinating p53. p53 stabilization promotes tumor suppressor/pro-apoptotic gene expression and signaling, resulting in controlled cell death.

Knockdown of USP10 by US09 treatment diminished the apoptotic response. Right panel: USP10 deubiquitylates av integrins, leading to cell surface accumulation, my-

ofibroblast persistence, and activation of TGF-b.28 Our working hypothesis is that sustained upregulation of stress-response genes, such as the G3BP proteins (known

binding partners of USP10),92 competes for interaction with available USP10 in the cytoplasm, switching USP10’s function from pro-apoptotic to anti-apoptotic. This model

is supported by data in prostate cancer cells and in keloid scars, in which USP10 switches from a pro-apoptotic role in the nucleus to binding to stress-related proteins in the

cytoplasm.64,66 Other studies have demonstrated a role for G3BP1/2 in regulating integrin signaling molecules (Src, FAK, and ERK).65 Taken together, we predict that in the

early stages of wounding, USP10 promotes apoptosis and subsequent immune cell infiltration, while in the later stages of wound healing (scar formation), USP10 is directed

by its binding partners to promote myofibroblast survival (inhibition of apoptosis) and differentiation (av integrin upregulation, enhanced cellular adhesion/contractility). We

have demonstrated that knockdown of USP10 gene expression after wounding significantly reduces scarring.
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solution was heated to 37�C for 5 min, vortexed, and briefly spun
down. The selected in primary in vitro screening sdRNA sequence
(US09) was synthesized at the 10 mmol scale (TriLink), and the
same sequence with 50-terminal vinyl-phosphonate and non-target-
ing control were synthesized at the 10 mmol scale by ChemGenes
(Wilmington, MA, USA). These duplexes were formed at 200 mM
final concentration in sterile PBS. The final sequences used for the ex-
periments are listed in Table 1.

RNA Extraction and qPCR

Rabbit corneas were obtained from Pel-Freeze Biologicals (Rogers,
AR, USA). Keratocytes were isolated from corneas and differentiated
into fibroblasts as previously described.86 Primary rabbit corneal fi-
broblasts were maintained in DMEM/F12 medium supplemented
with 10% fetal bovine serum (FBS) and penicillin/streptomycin solu-
tion (Gibco). Cells were cultured for 1–2 weeks and passaged once
24 h prior to transfection. For the qRT-PCR assay in Figures 1A
and S1 (sdRNA screening), cells were trypsinized and mixed with ol-
igonucleotides in reduced serum medium DMEM with 3% FBS at a
final concentration of 1 mM sdRNA. Cells were incubated for 72 h
and then harvested. Total RNA from primary corneal fibroblasts
was purified with a PureLink RNA 96 kit (Invitrogen) according to
the manufacturer’s recommendations and was added as a template
into a one-step multiplex qRT-PCR assay using Quanta qScript
XLT ToughMix with ROX dye (VWR). For that, 1 mL of total RNA
was mixed with the reagent and primer-probe mixes for rabbit
USP10 and reference gene GAPDH in a 10-mL reaction. The cycling
1038 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
parameters were as recommended by Quanta. The primer-probe mix
for GAPDH labeled with VIC (4,7,20-trichloro-70-phenyl-6-carboxy-
fluorescein) was from TaqMan (Oc03823402_g1), and the primer-
probe mix for rabbit USP10 labeled with FAM (6-carboxyfluorescein)
was specifically designed for the generated rabbit corneal sequence
and synthesized by Thermo Fisher Scientific. The sequences were as
follows: primers, 50-CTGCATTTTCGGTGGACACA-30 and 50-
TGGCCGATTCTTTCGAACTCT-30; MGB probe covering exon
11–12 junction of XM_002723256.2, 50-TCAGGTCTGTGGTT
TACC-30.

For the qRT-PCR assays in Figure 3E, immediately after sacrifice, eyes
were enucleated and corneas were excised from the globes. The
cornea was cut in half through the wound and the wounded section
was excised and put directly into TRIzol reagent (Invitrogen). A Pure-
Link RNA mini kit (Invitrogen) was used to extract total RNA.
Further purification of both tissue and primary cell RNA was per-
formed with a Monarch PCR & DNA cleanup kit (New England Bio-
labs). cDNA was generated from 1 mg of total RNA in a 20-mL reac-
tion using iScript reverse transcription supermix for qRT-PCR (Bio-
Rad). The qRT-PCR was prepared in 10-mL reactions with iTaq Uni-
versal SYRB Green supermix (Bio-Rad) with 1 mL of cDNA and
500 nM each primer. The cycling parameters used were 95�C,
10 min; 40 cycles of 95�C, 15 s; 60�C, 60 s. Primers used were as fol-
lows: USP10 (IDT), 50-AGAGCGCCTCCCTCCCTGCC-30, 50-
GGTCCTCGGATGCCGGAACC-30; GAPDH (IDT), 50-GAGTG
AACGGATTTGGCCGC-30, 50-TTGATGTTGGCGGGATCTCG-30.



Table 1. Sequences Used in This Work

Passenger Strand Guide Strand

US09
fC.mA.fG.mA.fA.mG.fC.mU.
fG.mA.fU.mC.fA#mA#fA-Chol

PmU.fU.mU.fG.mA.fU.mC.fA.mG.fC.mU.
fU.mC.fU#mG#fA#mC#fA#mG#fC

NTC
fU.mU.fA.mC.fA.mU.fG.mU.
fU.mU.fU.mC.fC#mU#fA-Chol

PmU.fA.mG.fG.mA.fA.mA.fA.mC.fA.mU.
fG.mU.fA#mA#fA#mC#fC#mA#fA

The modifications are as follows: m, 20-OMe; f, 20-fluoro; #, thiophosphate; Chol, cholesteryl-TEG.
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Ex Vivo Corneal Tissue Culture

This method of ex vivo organ culture has been previously
described.28,41 Briefly, after enucleation of the eyes, a 6-mm
trephine was used to wound the center of the cornea. The wound
penetrated the epithelium and anterior stroma without making a
full-thickness wound through the entire cornea, as described below
for the in vivo experiments. The demarcated tissue was removed.
Corneas were mounted on an agar base and wet with PBS. One
nmol (5.0 mL) of non-targeting Cy3-labeled sdRNA (MAP4K4-
cy3, Advirna) was pipetted into the wound and imaged immedi-
ately under a dissection scope (Accu-Scope, Commack, NY,
USA). Cell culture lids remained attached during imaging to main-
tain sterility. Four mL of supplemented serum-free medium28 was
added to the plate, maintaining corneas at an air-liquid interface at
the limbal border in 5% CO2 at 37�C. Corneas were wet every 24 h
with conditioned media. Media were changed every 48 h (Cy3-
sdRNA was not re-added). At 2 h, day 1, day 2, day 3, and day
7 corneas were imaged by live-cell confocal microscopy (Zeiss,
LSM780) (Figure S2).

Animal Studies

We used 12 female New Zealand White rabbits87 (Charles River),
each 12–15 weeks old and weighing 2.5–3.0 kg. The Institutional
Animal Care and Use Committee of SUNY Upstate Medical Uni-
versity approved the study. General anesthesia in rabbits was given
by an intramuscular injection of ketamine hydrochloride (100 mg/
mL) given at 40 mg/kg and xylazine hydrochloride (100 mg/mL)
given at 6 mg/kg along with an injection of buprenorphine SQ
(slow release) (1 mg/mL) given at 0.1 mg/kg for pain control. Local
anesthesia was also given with two drops of topical 0.5% propara-
caine hydrochloride (Alcon Laboratories, Fort Worth, TX, USA).
At euthanasia, anesthesia was administered as above prior to
1 mL of Fatal Plus IV (pentobarbital sodium, 390 mg/mL). In
each rabbit, the right eye was wounded. The central area of the ante-
rior cornea was demarcated with a 6-mm trephine. The circular area
that was demarcated was removed with forceps. This type of wound
leaves a bare stroma with the epithelium and basement membrane
removed. 1 nmol (5.0 mL) of self-delivery siRNA resuspended in
PBS was applied. In general, in vivo dosage ranges widely from
0.3 to 10 nmol depending on the species, area being targeted, the
mode of delivery, and the response to knockdown.88–91 Six wounded
eyes were treated with NTC (Advirna), and six wounded eyes were
treated with sd-USP10-targeting siRNA (US09, Advirna). According
to the adherence to the Association for Research in Vision and
Ophthalmology (ARVO) Statement for the Use of Animals in
Ophthalmic and Vision Research, the contralateral eye served as
an untouched (naive) control. E-collars were used for all wounded
animals.

Slit-Lamp Biomicroscopy

After surgery, a slit lamp microscope was used to evaluate ocular
health, corneal haze, and wound closure. Epithelial wound closure
was assessed using fluorescein (Flucaine [5 mL], OCuSOFT, one
drop per eye) and imaged on days 1, 2, 3, and 7 using a slit lamp mi-
croscope (Nikon NS-1) equipped with a digital camera with a cobalt
blue filter. Images were analyzed by two independent graders for
wound closure quantified by the absence of fluorescein staining
over time.

Immunohistochemistry: Frozen Sections

Immediately after sacrifice, globes were enucleated and corneas were
excised from globes. The cornea was cut in half through the wound
and immediately submerged in a plastic mold with OCT compound
(Fisher Scientific) to be frozen at �80�C. For cutting the sections,
the cryostat temperature was between �20�C and �23�C, and sec-
tions were cut at 7 mm. 3–4 sections were placed per slide and stored
at �80�C. Slides were thawed and baked overnight in a slide moat at
37�C. On the next day sections were rehydrated in PBS for 15 min,
treated with blocking buffer (10% normal goat serum in PBS, Jackson
ImmunoResearch Laboratories) for 20 min, and then incubated with
primary antibodies (FN-EDA [Sigma, F6140], collagen III [Novus Bi-
ologicals, NBP105119B], a-SMA [Sigma, C6198], CD45 Thermo
Fisher Scientific, MA5-28392]) at 1:250 for 1 h in a moist chamber
at room temperature (RT). Slides are washed in PBS for 15 min
and sections were treated with blocking buffer for 15 min. Tissue
was then incubated with secondary antibody Alexa Fluor 647
(1:250) for 45 min in a moist chamber. After washing with blocking
buffer for 15 min, slides were mounted with ProLong Gold antifade
with DAPI (Thermo Fisher Scientific).

TUNEL Assay

All of the solutions were supplied with the kit (R&D Systems TdT in
situ apoptosis detection kit-fluorescein, 4812-30-K). Slides were
thawed and baked overnight in a slide moat at 37�C. On the next
day, sections were rehydrated in PBS for 15 min, fixed in acetone
(Fisher Scientific, A18500) for 10 min, at RT and washed in PBS twice
for 5 min. The tissue was post-fixed in pre-cooled ethanol (UltraPure,
200CSGP)/acetic acid (Sigma, A6283, 100 mL) 2:1 for 5 min at RT,
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followed by two washes in PBS. The equilibration buffer was then
incubated directly on the specimen for 10 s at RT. The excess liquid
was gently removed and the working strength TdT enzyme was incu-
bated in a humid chamber at 37�C for 1 h. The working strength stop/
wash buffer was then incubated for 10 min at RT. The slides were
washed in three changes of PBS for 1 min each wash. The excess of
liquid was removed and the working strength anti-digoxigenin conju-
gate was applied for 30 min at RT in a humid chamber, avoiding
exposure to light. Slides were washed in PBS four times, 2 min each
wash. After washing, slides were mounted with ProLong Gold anti-
fade with DAPI (Thermo Fisher Scientific).

Quantification of Histochemistry

For collagen III, FN-EDA, CD45, and a-SMA, imaging was per-
formed using the Nikon Eclipse Ni microscope using fixed exposure
times for each antibody stain. Images were taken consecutively of the
entire cornea using the �4 objective and were then processed in Im-
ageJ by the “apply threshold” plugin. A fixed threshold was generated
using control tissue to cancel background/baseline levels of fluores-
cence, which was then applied to all Wnd-NTC and Wnd-US09 im-
ages, thus binarizing pixel intensity. Signal above this threshold was
considered “scar,” and signal below this threshold was “unscarred.”
For collagen III, FN-EDA, and CD45 staining, the number of pixels
above threshold was then quantified in each corneal section and
divided by the total number of pixels composing the scarred portion
of the cornea to generate a “% pixels above threshold”metric of scar-
ring severity. Because a-SMA staining was restricted to small and iso-
lated pockets of cells within the corneal scar (and thus minute por-
tions of the total area of the scar), a-SMA staining was simply
reported as the total number of pixels above threshold.

Cell proliferation was determined utilizing collagen III-stained sec-
tions to mark the scar tissue. Quantification was restricted to only
the scarred portion of the cornea, which was defined by an abrupt
and readily observable increase in epithelial thickness as well as an
abrupt increase in collagen III staining (in the anterior portion of
the stroma, directly adjacent to the epithelium). “Inside the wound”
corresponds to stroma with collagen III staining, whereas “outside
the wound” was defined as the remaining stroma, posterior cornea
beneath the scar to the endothelium. DAPI-labeled nuclei were
then quantified in these portions of the stroma using the “object
counter” plugin in ImageJ software. These counts were normalized
by the total area of each portion to generate a nuclei density
measurement.

OCT

OCT was recorded using a Bioptigen Envisu R2210 with a 10-mm tel-
ecentric lens directly prior to sacrifice. OCT datasets comprise 100
transverse sections spanning 6 mm of the eye (the central wound).
Each section has a width of 6 mm (1,000 pixels) and a depth of
1.491 mm (1,024 pixels). Regions of each image containing cornea
are identified using the MATLAB function “imbinarize” with the
adaptive thresholding method, and all other pixels of the image are
reduced to zero intensity. Corneal thickness was measured at pixel
1040 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
resolution in these thresholded images as the distance across the
nonzero region, and thickness was averaged across the entire cornea.
With regard to OCT variance, aberrations in cornea (i.e., scarring) in-
crease nonuniformity of pixel intensities in localized areas of the
cornea. To quantify this nonuniformity, we first segmented the
cornea in each image file into 100 equal parts. For each segment
the statistical variance (i.e., SD2) of pixel intensities was calculated.
This yields 100 variances for each transverse section. Transverse sec-
tions from a dataset are averaged yielding a two-dimensional “vari-
ance by position” plot.
Statistical Analysis

Numerical data are expressed as the mean ± SEM of six animals. Sta-
tistical significance for histological analysis of three groups (UnWnd,
Wnd-NTC, and Wnd-US09) was calculated by one-way ANOVA
with Bonferroni’s test. Statistical significance of all other numerical
data was calculated with the Student’s t test. *p < 0.05, **p < 0.01,
***p < 0.001.
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